The smallest known eukaryotes, at Ϸ1-m diameter, are Ostreococcus tauri and related species of marine phytoplankton. The genome of Ostreococcus lucimarinus has been completed and compared with that of O. tauri. This comparison reveals surprising differences across orthologous chromosomes in the two species from highly syntenic chromosomes in most cases to chromosomes with almost no similarity. Species divergence in these phytoplankton is occurring through multiple mechanisms acting differently on different chromosomes and likely including acquisition of new genes through horizontal gene transfer. We speculate that this latter process may be involved in altering the cell-surface characteristics of each species. In addition, the genome of O. lucimarinus provides insights into the unique metal metabolism of these organisms, which are predicted to have a large number of selenocysteine-containing proteins. Selenoenzymes are more catalytically active than similar enzymes lacking selenium, and thus the cell may require less of that protein. As reported here, selenoenzymes, novel fusion proteins, and loss of some major protein families including ones associated with chromatin are likely important adaptations for achieving a small cell size.
green algae ͉ picoeukaryote ͉ genome evolution ͉ selenium ͉ synteny P hytoplankton living in the oceans perform nearly half of total global photosynthesis (1) . Eukaryotic phytoplankton exhibit great diversity that contrasts with the lower apparent diversity of ecological niches available to them in aquatic ecosystems. This observation, know as the ''paradox of the plankton,'' has long puzzled biologists (2) . By providing molecular level information on related species, genomics is poised to provide new insights into this paradox.
Picophytoplankton, with cell diameters Ͻ2 m, play a significant role in major biogeochemical processes, primary productivity, and food webs, especially in oligotrophic waters. Within this size class, the smallest known eukaryotes are Ostreococcus tauri and related species. Although more similar to flattened spheres in shape, these organisms are Ϸ1 m in diameter (3, 4) and have been isolated or detected from samples of diverse geographical origins (5) (6) (7) (8) . They belong to the Prasinophyceae, an early diverging class within the green plant lineage, and have a strikingly simple cellular organization, with no cell wall or flagella, and with a single chloroplast and mitochondrion (4) . Recent work has shown that small-subunit rDNA sequences of Ostreococcus from cultures and environmental samples cluster into four different clades that are likely distinct enough to represent different species (6, 9) .
Here we report on the gene content, genome organization, and deduced metabolic capacity of the complete genome of Ostreococcus sp. strain CCE9901 (7), a representative of surface-ocean adapted Ostreococcus, referred to here as Ostreococcus lucimarinus. We compare it to the analogous features of the related species O. tauri strain OTH95 (10) . Our results show that many processes have been involved in the evolution and speciation of even these sister organisms, from dramatic changes in genome structure to significant differences in metabolic capabilities.
Results
Gene Content. O. lucimarinus is the first closed and finished genome of a green alga and as such will provide a great resource for in-depth analysis of genome organization and the processes of eukaryotic genome evolution. O. lucimarinus has a nuclear genome size of 13.2 million base pairs found in 21 chromosomes, as compared with a genome size for O. tauri of 12.6 million base pairs found in 20
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Data deposition: The O. lucimarinus genome sequence, predicted genes, and annotations reported in this paper have been deposited in the GenBank database (accession nos. CP000581-CP000601 for Chr 1 through Chr 21). The O. lucimarinus strain (CCE9901) used here has been deposited in the Provasoli-Guillard Culture Collection of Marine Phytoplankton (accession no. CCMP2514).
chromosomes (10) ( Table 1) . For comparison here, both genomes were annotated by using the same tools, as described in Methods.
We predicted and annotated 7,651 genes in the genome of O.
lucimarinus, and 7,892 genes are found in the genome of O. tauri. Overall gene content is similar between the genomes (Table 1) . Approximately one-fifth of all genes in both genomes have multiexon structure, most of which belong to chromosome 2 (Chr 2), and have the introns of unusual size and structure that were reported earlier for O. tauri (10) . A total of 6,753 pairs of orthologs have been identified between genes in the two Ostreococcus species with an average coverage of 93% and an average amino acid identity of 70%. A comparison of the amino acid identity between other sister taxa shows that they are more divergent than characterized species of Saccharomyces with similar levels of overall synteny [supporting information (SI) Table 2 ]. Approximately 5-6% of gene models are genome-specific and do not display homology to the other species (SI Table 3 In contrast to most other chromosomes, genes on Chr 2 are greatly rearranged between the two species as indicated by the absence of synteny (Fig. 1 , synteny coded in red). These rearrangements are largely localized to regions of Chr 2 with distinctly lower guanine plus cytosine (GC) content, Ϸ15% less than coding sequence in the rest of the genome (SI Fig. 4 ). The genes found in the low-GC region of both species are still very closely related. This suggests that, although the rate of intrachromosomal rearrangement has been greatly increased in this part of the genome, the mutation rate remains the same. Small differences in rates of intrachromosomal rearrangement have been noted, for example in Drosophila (11), but not as dramatically as shown here. Transposons, which were found in higher abundance in Chr 2, may play an important role in these rearrangements. Interestingly, there are more types and absolute numbers of transposons in O. tauri than in O. lucimarinus. Remarkably, pairs of converging genes, i.e., on opposite strand and sharing their 3Ј side, are conserved in the low-GC region. Of the 174 genes found in both species, 122 are in such a ''convergent pair'' situation. When there are ESTs representing one or both transcripts in such pairs, they always show a large overlap of the transcripts on their 3Ј side, not only 3Ј UTRs but often significant parts of the coding sequences (e.g., Apm1/Cug1, Sen1/Pwp2, Coq4/ Cup62, HecR/Cup201, and SufE/Spt4). This may indicate an interaction between the genes at the expression level, such as a RNAi-like down-regulation of one gene by the expression of the other. Some of these pairs may be recent ad hoc interactions recruited in Ostreococcus and nearby lineages, but others may be more ancient, and these will help in understanding gene networks in organisms such as land plants.
Contrary to the rest of the genome, most of the genes in Chr 2 are split by many introns (up to 15). Of the 180 genes in O. lucimarinus, 108 are split with a total of 419 introns. Most of the introns (395) form a special class, which differs from the ''canonical introns'' found in the rest of the genome (see also ref. 10), being smaller (40-65 bp), with poorly conserved splice-site motifs and no clear branch-point motif. A few canonical introns (24 of 419) occur in some genes, sometimes in combination with small introns. In most cases, positions of introns are conserved between the orthologs. However, a few genes have many small introns in one strain but either none or far fewer introns in another. The comparative analysis of the two species of Ostreococcus is casting some light on ''raison d'être'' of the low-GC region of Chr 2. The striking correlation between low GC content, high transposon density, and increased shuffling rate suggests a mechanism by which a local compositional bias is responsible for an enhanced activity of transposons and faster loss of synteny. A direct effect of this is to forbid interstrain crossing, because pairing of Chr 2 would not be possible, and eventual aneuploid offspring of such crossing would not be viable. The genes for meiosis have been noted in O. tauri (10) and are present in O. lucimarinus as well. In this view, Chr 2 would be a speciation chromosome, maintaining the strain in genetic isolation from its relatives. Fig. 5 ).
Functions of two-thirds of Chr 18 genes are unknown while more than a half of them are supported by either ESTs or DNA conservation with the O. tauri genome. Many of the functionally annotated genes on Chr 18 of O. lucimarinus are related to sugar biosynthesis, modification, or transport, which suggests that Chr 18 may take part in a specific process.
Several of the Chr 18 genes are O. lucimarinus-specific, which suggests ongoing adaptation. One interesting example is gene OSTLU 28425. This is predicted to be similar to a UDP-Nacetylglucosamine 2-epimerase, which would produce UDP-Nacetylmannosamine. It is phylogenetically related to similar enzymes in bacteria only, and one of the top BLASTp hits is to the marine bacterium Microscilla marina ATCC 23134 (e-92). This seems a likely candidate for recent horizontal gene transfer into O. lucimarinus, as well as the majority of genes on Chr 18 that do not show homology to any other known proteins.
Similar sugar-related differences have been seen in the genomes of marine cyanobacterial species that coexist with Ostreococcus. It has been shown that apparently horizontally transferred genes in cyanobacteria are often glycosyltransferases (13) . It was hypothesized that horizontal gene transfer makes available genes for the constant alteration of cell-surface glycosylation that would help the phytoplankton ''disguise'' itself from phages or grazers (13) , and the results reported here suggest that this is an emerging theme in phytoplankton speciation.
Chr 18 and Chr 2 in O. lucimarinus have lower GC content than the rest of the genome as reported earlier for O. tauri (10) . Principal component analysis of codon usage in both genomes shows that most of the chromosomes in each of the genomes are clustered together (Fig. 3) . Within each genome, significant differences in codon usage have been observed between the core genome, Chr 2 (in particular, low-GC regions), and Chr 18 of O. lucimarinus (Chr 19 of O. tauri). The pattern of the segregation of chromosomes along the first principal component on Fig. 3 correlates with their GC content. A parallel shift along the first two components for all chromosomes except Chr 18 of O. lucimarinus and Chr 19 of O. tauri can describe differences in codon usage between the genomes and may reflect a general adaptation process. It is impossible to explain both the low similarity on the DNA and protein level between Chr 18 and Chr 19 and the differences in codon usage bias by classical evolutionary paradigms. Rather, they can best be explained by acquisition of genetic material for these two chromosomes from external sources after the divergence of the two species. With the exception of some examples as noted above, however, weak or undetected similarities between genes on these chromosomes and other known genes make it difficult to prove this with phylogenetic analysis. Chr 21. Chr 21 is present only in O. lucimarinus and corresponds to a fusion between a small fragment of Chr 9 and a bigger fragment of Chr 13, with a short intervening sequence of 24 nt (Fig. 2) . The recent origin is indicated by the fact that duplicated regions are almost 100% identical, with only 5 nt differing from the original chromosome. The existence of this chromosome has been experimentally confirmed (Fig. 2 B-D) . Intrachromosomal rearrangements. There are several internal duplications on Chr 2, 3, 4, and 8 of O. tauri and a large block of 142 kbp duplicated on Chr 14 of O. lucimarinus (Fig. 1) . Spontaneous duplication of large chromosomal segments has been observed in yeast (14) , and a similar process appears to be occurring at a significant rate during speciation of Ostreococcus. Surprisingly, almost all of these duplications are recent changes because none are observed on the corresponding chromosomes of the counterpart species (except Chr 8 and 12). Because gene sequence and order are so well conserved in the genus, this suggests that large chromosomal duplications were infrequent in the period preceding separation of the two species. It is unfortunately not possible yet to understand whether these duplications could have helped cause the speciation or occurred much later.
As seen in these three major chromosomal differences between the O. tauri and O. lucimarinus genomes, as well as some smaller intrachromosomal duplications, the speciation of these sister organisms is not accompanied by a single type of genome structural divergence, but multiple types, likely occurring at different time scales.
Environmental Adaptations. Most of the characterization of phytoplankton diversity traditionally has focused on pigment and morphological characteristics, and occasionally the utilization of nutrients, for example (15) . The availability of the predicted proteomes of two closely related species of photosynthetic eukaryotes from different ecological niches allows some new insights into the role of micronutrients (metals and vitamins) in their ecological strategies and speciation relative to each other and other phytoplankton. Selenoproteins. Ostreococcus has genes for a surprising number of selenocysteine-containing proteins relative to its genome size. Selenoproteins are encoded by coding sequences in which TGA, instead of being read as a stop codon, is recoded to selenocysteine if a control element (called SECIS) is encountered downstream in the 3Ј UTR of the transcript in eukaryotes. We found 20 candidate selenocysteine-encoding genes in O. lucimarinus, all containing a putative SECIS element at their 3Ј end; 19 are shared with O. tauri, and one is a recent duplication in O. lucimarinus only (SI Table 4 ). O. tauri has an additional selenocysteine-encoding candidate gene as discussed below. In contrast, Chlamydomonas is predicted to have 10 selenoproteins (16) despite having a 10 times larger genome size of Ϸ120 million base pairs (www.jgi.doe.gov/chlamy). One major category of the selenoproteins in Ostreococcus includes the glutathione peroxidases, for which five of six gene models are predicted selenoproteins. These results suggest possibly a functional tuning to the origin of the stress or subcellular compartment for each member of the glutathione peroxidase family (17) . The greater catalytic efficiency of a selenocysteine-containing enzyme relative to a cysteine-containing homolog [e.g., recently reported 10-to 50-fold increase for a Chlamydomonas selenoprotein (18) ] allows an organism to ''save'' on nutrient resources like nitrogen for protein production, particularly if the relevant activity is highly expressed.
Of particular interest to understanding the speciation of phytoplankton, O. tauri has a predicted gene for a selenoprotein (SelA) that is conserved in O. lucimarinus, but it is not a selenoprotein, the three selenocysteines being replaced by Cys (two) or Ser (one). This suggests that selenium availability may be acting as a force on the speciation of these and other phytoplankton, a hypothesis that has not been suggested previously. Iron and other metals. Iron is also likely to affect phytoplankton diversity and speciation, because it has been demonstrated to be limiting in some ecosystems (19) . In unicellular free-living eukaryotes a common system for iron acquisition has been proposed involving the coupled activity of a ferric reductase, multicopper oxidase, and a ferric permease (20) (21) (22) . This system is found in marine diatoms and Chlamydomonas, a relative of Ostreococcus in the green algal lineage. Ostreococcus in stark contrast appears to lack all of these iron transport components, with the possible exception of a multicopper oxidase found only in O. tauri, as well as lacking any genes related to phytosiderophore uptake (23, 24) . This implies that Ostreococcus has a novel system of Fe acquisition for a eukaryote that is mechanistically different from those of major competitors such as diatoms. Both strains of Ostreococcus have genes coding for proteins with significant sequence similarity to prokaryotic siderophore-iron uptake. Given the lack of any clear system of Fe acquisition in an organism isolated from an environment typified by low Fe concentrations, it is tempting to suggest that this organism may be able to acquire Fe-siderophore complexes. These complexes may be present in solution when bacteria in the same environment produce and export siderophores. We cannot rule out the possibility that Ostreococcus may be able to make its own siderophores. We found the biosynthesis pathway for catecholates in O. lucimarinus only, and these could be involved in siderophore biosynthesis.
Ostreococcus does appear to have genetic adaptations that reduce Fe requirements and allow Fe storage. O. tauri has a single copy of ferritin, and O. lucimarinus has a second copy that may be related to adaptations to continuous high light stress. Cytochrome c 6 (the iron-containing replacement of plastocyanin) is missing, and the use of plastocyanin as the sole electron carrier between the Cyt b 6 /f complex and photosystem I, while reducing Fe quotas, imposes an absolute requirement for copper in this organism. Additionally, both genomes contain a copy of a small flavodoxin that may replace ferrodoxin in the photosynthetic electron transfer chain, further reducing iron requirements. Finally, both strains have genes for Cu/Zn-and Mn-containing superoxide dismutases, possibly a Nicontaining SOD, but not a Fe-SOD (25).
Copper concentrations have been shown to affect community composition in coastal ecosystems (26) ; therefore, it came as some surprise to find that Ostreococcus lacks a gene for phytochelatin synthase for ameliorating copper toxicity (27, 28) . Instead, this organism contains tesmin-like metallothionein sequences and several Cu-efflux proteins. Arguably, the obligate use of Cu in photosynthesis (plastocyanin), respiration (cytochrome c oxidase), and oxidative defense (Cu/Zn SOD) may necessitate higher than typical Cu quotas in the organism. Vitamins. The Ostreococcus genomes suggest that the organic and organometallic micronutrients thiamine and B 12 must be acquired from the extracellular environment for growth. Unlike the Chlamydomonas genome, which encodes both B 12 -dependent and -independent methionine synthases, the Ostreococcus genome con- tains only the B 12 -dependent form and hence has a strict dependence on B 12 . Because the genome does not encode a B 12 biosynthetic pathway, this implies that Ostreococcus acquires B 12 or a precursor from seawater or associated bacteria (29) .
The Ostreococcus genomes also lack a complete pathway for thiamine biosynthesis. In addition, thiamine pyrophosphate riboswitches, metabolite-sensing conserved RNA secondary structures, were found in UTRs of genes (30) . Although mostly common to prokaryotes, a few riboswitches have been documented in eukaryotes. In the O. tauri and O. lucimarinus genomes these elements were found upstream of coding sequences with similarity to bacterial sodium:solute symporters. Although there is no indication for the specificity of a transporter located on Chr 4, PanF located on Chr 12 is clearly related to pantothenate transporters. The orthologous genes and thiamine pyrophosphate riboswitch were also found in a Sargasso Sea metagenomics data set, which is thought to contain Ostreococcus DNA (31) . Altogether this strongly suggests that thiamine pyrophosphate regulates the expression of these two genes.
Evolution of the Genus Ostreococcus. The Ostreococcus genomes provide insights into evolutionary processes other than speciation including the evolution of a uniquely small cell size and the evolution of the green plant lineage that includes terrestrial plants. Gene loss. In the evolution of its small size, Ostreococcus has lost a number of genes involved in flagellum biosynthesis and is missing cell wall proteins that are found in Chlamydomonas. Many characterized transcription factors in Arabidopsis are rare or absent in O. tauri and O. lucimarinus (e.g., ERF, MADS-box, basic helixloop-helix, and NAM) (SI Table 5 ). Like in plants, the ERF and basic helix-loop-helix factors are common in Chlamydomonas, suggesting their loss in Ostreococcus. Chlamydomonas also has two plant-specific classes, AUX-IAA and SBP, that Ostreococcus does not have.
Peroxisomes have not been described in Ostreococcus, and we therefore expected to find the loss of peroxisome-specific genes. However, a comparison of the Ostreococcus proteomes with those of land plants, Chlamydomonas, and diatoms revealed the presence of sufficient peroxisomal proteins (PEX genes) needed to create a functioning peroxisome even in an organism of this small cell size. In some phytoplankton the size of the peroxisome greatly increases when the organism is grown on purines as a nitrogen source (32) . The pathways for purine degradation that occur in the peroxisome were not found in Ostreococcus, which is consistent with selection for a small cell size. Unique gene transfer to the nucleus. The Ostreococcus genome encodes heme-handling components like CcsA and Ccs1 and thiolmetabolizing components like CcdA (33). Interestingly, CcsA, which is encoded on the organelle genome in all other plant and algal genomes, is found in the nuclear genome in both Ostreococcus species. CcsA is a polytopic, hydrophobic protein that is the defining ''core'' component, presumably a heme-ligating molecule, of the system II cytochrome biogenesis pathway (34) , and its occurrence in Ostreococcus nuclear genomes is the first example of the transfer of this gene from the organelle to the nucleus. Gene fusions. Possibly because of evolutionary pressure toward a smaller cell and genome size where intergenic DNA and intron DNA would be spared, the Ostreococcus genomes show some unique examples of apparent fusion proteins. We have identified 330 and 348 potential gene fusions from O. tauri and O. lucimarinus, respectively, 137 of which were found in both species (SI Table 6 ). Although some may be chimeric gene predictions, 49 potential gene fusions have single-exon gene models and combine functions of two metabolic or redox enzymes. Some fusions involve important metabolic pathways such as pigment biosynthesis and nitrate reduction (SI Table 6 ). Chromatin proteins. The most striking fact about the complement of chromatin proteins encoded by the Ostreococcus genome is that it lacks quite a few proteins found widely in plants, animals, and fungi. We searched the Ostreococcus genome for 104 chromatin proteins that existed in the most recent common ancestor of plants and animals (www.chromdb.org); 76 of these were found, but 28 were not. Similarly, budding yeasts (Saccharomyces cerevisiae and Candida glabrata) retained 70 of these proteins and dispensed with 34 of them. Eighteen of the 28 proteins not found in Ostreococcus were also not found in budding yeasts. However, both yeasts and Ostreococcus do possess a basic complement of all types of histone chaperones and histone-modifying enzymes. Ten chromatinassociated genes not found in Ostreococcus that are found in yeasts appear largely to be involved in the homologous recombination mode of double-strand break DNA repair.
Although Ostreococcus lacks both major eukaryotic DNA methyltransferase types (Dnmt1 and Dnmt3), it does possess two bacterial 5-cytosine DNA methyltransferases, both fused to a chromatin domain. Interestingly, Ostreococcus also possesses a DNA glycosylase that is a member of a clade of plant DNA glycosylases that mediate DNA demethylation via a DNA repair-like process. Thus, Ostreococcus may possess a unique DNA methylation/ demethylation system whose function could be involved in defense against foreign DNA.
Conclusion
Comparative analysis of the genomes of two Ostreococcus species has revealed major differences in genome organization between them. While the core set of 18 chromosomes is conserved between the genomes, the remaining chromosomes (2, 18, 19 , and 21) evolve in a number of different ways and may reflect ongoing adaptation and speciation processes. Small differences in proteomes such as the gain or loss of metal using genes not only illustrate the divergence of these two sister organisms but may be especially important in defining the ecological niche of each species. In addition, both Ostreococcus species employ similar mechanisms for optimization of genome and cell size, including gene loss, gene fusion, utilization of selenocysteine-containing proteins, chromatin reduction, and others. As genomes of other phytoplankton species become available, the relative importance of the processes outlined here in creating or maintaining phytoplankton diversity will become clearer.
Methods
Data and Strain Availability. Gene predictions, annotations, supporting evidence, and analyses are available through JGI Genome Portals on www.jgi.doe.gov/Olucimarinus and www.jgi.doe.gov/ Otauri. O. lucimarinus genome sequence, predicted genes, and annotations were deposited in the GenBank database under accession numbers CP000581-CP000601 for Chr 1 through Chr 21. The O. lucimarinus strain (CCE9901) used here was isolated by B.P. from 32.9000 N 117.2550 W (Scripps Institution of Oceanography Pier, La Jolla, CA) and was grown as reported previously (7). This strain has been deposited in the Provasoli-Guillard Culture Collection of Marine Phytoplankton as CCMP2514.
Genome Sequencing and Finishing. Whole-genome shotgun sequencing was performed as in refs. 35 and 36. To perform finishing, initial read layouts from the O. lucimarinus whole-genome shotgun assembly were converted into our Phred/Phrap/Consed pipeline (37) . After manual inspection of the assembled sequences, finishing was performed by resequencing plasmid subclones and by walking on plasmid subclones or fosmids using custom primers. All finishing reactions were performed with 4:1 BigDye to dGTP BigDye terminator chemistry (Applied Biosystems, Foster City, CA). Because of the high GC content of this genome, primer walks failed to resolve a large number of the gaps; these were resolved by generating pooled small insert shatter libraries from 3-kb plasmid clones. Repeats were resolved by transposon-hopping 8-kb plasmid clones. Fosmid clones were shotgun-sequenced and finished to fill large gaps, resolve large repeats, or resolve chromosome duplications and extend into chromosome telomere regions. Finished chromosomes have no gaps, and the sequence has less than one error in 100,000 bp.
Pulsed-Field Gel Electrophoresis and Radiolabeled Hybridization. The two Ostreococcus strains (2-5 ϫ 10 7 cells) were agarose-embedded and analyzed by pulsed-field gel electrophoresis as described previously (9, 38, 39) . The sequences of the primers specifically designed from the two duplicated parts of the O. lucimarinus Chr 21 sequence were (i) 5Ј-AACGCGCGATTAAGTCGTAC-3Ј and 5Ј-CATCCGTCAACTTGTCTTCG-3Ј for Chr 9 duplication and (ii) 5Ј-TTCGCCGTTACTATCGGATC-3Ј and 5Ј-GGAGGT-CATAGCAACATCGT-3Ј for Chr 13 duplication. Using these primers, DNA fragments of 600 and 820 bp, respectively, were amplified by standard PCR, purified, and radiolabeled with [␣-32 P]dCTP by random priming (Prime-a-gene kit; Promega, Madison, WI).
Genome Annotation. Gene prediction methods used for annotation of two Ostreococcus genomes included ab initio Fgenesh (40), homology-based Fgeneshϩ (SoftBerry), Genewise (41), MAGPIE (42), EST-based estExt (I.V.G., unpublished data), and a combined-approach EuGene (43) . Predicted genes were annotated by using double-affine Smith-Waterman (TimeLogic) alignments against proteins from the National Center for Biotechnology Information nonredundant protein database, protein domain predictions using InterProScan (44) , and their mappings to Gene Ontology (45), eukaryotic clusters of orthologous groups [KOGs (46) ], and KEGG metabolic pathways (47) . The available functional annotation of O. tauri (GenBank accession nos. CR954201-CR954220) was also used for annotation of the genome of O. lucimarinus.
All predicted models were combined into a nonredundant set of models, filtered models, in which the best model per locus was selected based on homology to other proteins and EST support. The predicted set of gene models has been validated by using available experimental data and computational analysis. Nineteen percent to 28% of genes in the final set are the same models produced by at least two different methods. Sixty-five percent to 73% of gene models are supported by conservation with the related Ostreococcus genome at the DNA level using VISTA analysis.
Twenty-one percent to 28% of predicted genes are supported by ESTs mapped to corresponding genomes using BLAT (48) . Seventy-nine percent to 84% of Ostreococcus genes have shown homology to a nonredundant set of proteins from National Center for Biotechnology Information and 92-93% to each other as detected by BLAST (49) (e Ͻ 1e-8). Less than 5% of the models are not supported by either of these lines of evidence. Predicted genes and their coordinates and functional assignments are also being manually curated by the community of annotators.
Whole-Genome Alignments. Chromosome-scale synteny between both Ostreococcus species was analyzed with i-ADHoRe, which identifies runs of collinear predicted proteins between genomic regions (50) . We used gap size of 25 genes, a Q value of 0.9, and a minimum of three homologs to define a collinear block. In addition, we used the VISTA framework (12) with the constructed genomewide pairwise alignments accessible from http://pipeline.lbl.gov.
Analysis of Codon Usage. For each chromosome of each species, frequencies for each of the 64 codons and GC frequency were calculated by using the genomic sequence for the all predicted protein coding regions on that chromosome as input to the ''cusp'' program from the EMBOSS 3.0 bioinformatics suite (51) . Codonfrequency principal components, using correlations, were then calculated with each chromosome as a case and each codon frequency as a variable (52) . Similarities between GC content and codon usage were evaluated by projecting each case onto the first and second principal components and then calculating the correlation between each principal component's projections and GC frequency. 
